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TECHNICAL MEMOUNDUM X-53899 
RESULTS OF AN EXPERIMENTAL 
TURBULENT BOUNDARY LAYER CONTROL INVESTIGATION 
SUMMARY 
The r e s u l t s  of a wind tunnel  t es t  employing w a l l  rougheners as a 
means of t u r b u l e n t  boundary l aye r  con t ro l  a r e  presented ,  Veloc i ty  pro- 
f i l e s  and su r face  p re s su re  d i s t r i b u t i o n s  were measured over a roughened 
s o l i d  s i d e  w a l l  model f o r  varying Mach and Reynolds numbers, and the  data 
obtained f o r  var ious  roughener he igh t s  a r e  compared wi th  t h a t  obtained 
over a smooth w a l l .  
The t e s t  r e s u l t s  show Reynolds number e f f e c t s  t o  be i n s i g n i f i c a n t ,  
boundary l aye r  th ickness  inc reases  of approximately 100 percent  t o  be 
p o s s i b l e  without  undue flow d i s t o r t i o n ,  and boundary l aye r  growth t o  
be the  same as t h a t  over a smooth p l a t e  a t  a f i n i t e  d i s t ance  behind the  
rougheners.  This method g ives  every i n d i c a t i o n  o f  being an e x c e l l e n t  
means of boundary l a y e r  con t ro l .  
Io  INTRODUCTION 
A method of boundary l a y e r  con t ro l  t h a t  is simp-e t o  use and y i e  
p r e d i c t a b l e  r e s u l t s  i s  o f t e n  d e s i r a b l e  i n  wind tunnel  t e s t i n g .  The 
method of roughening a su r face  has t r a d i t i o n a l l y  been used t o  produce 
t r a n s i t i o n  from a laminar t o  a t u rbu len t  boundary l a y e r .  It has been 
suggested,  however, t h a t  the  tu rbu len t  boundary l a y e r  th ickness  over 
a f l a t  p l a t e  may be increased by roughening a s h o r t  s e c t i o n  of the 
ds 
J- p l a t e  ahead o t  t h e  po r t ion  over which the increased th ickness  i s  des i red ."  
This r e s u l t s  i n  an  inc rease  of the  s k i n  f r i c t i o n  c o e f f i c i e n t  over the  
roughened s e c t i o n  of the p l a t e ,  and a corresponding inc rease  of the 
boundary l aye r  th ickness  downstream of t he  rougheners.  Thus , the  pur- 
pose of t h i s  t e s t  was t o  i n v e s t i g a t e  the  boundary l a y e r  c h a r a c t e r i s  t i c s  
behind a roughened s e c t i o n  of a f l a t  p l a t e  and t o  determine whether o r  
n o t  t h i s  method of boundary l a y e r  con t ro l  is  s u i t a b l e  f o r  wind tunnel  
t e s t i n g  . 
J- 
Unpublished note ,  McDonnell Douglas Corporat ion.  
A s  a simple method of roughening the p l a t e ,  i t  was o r i g i n a l l y  
planned t o  use s m a l l  " sho r t  angle" s e c t i o n s  fastened t o  the s u r f a c e ,  
This technique would have made i t  p o s s i b l e  t o  e m p i r i c a l l y  p r e d i c t  the 
proper spacing and h e i g h t  i n t o  the a i r s t r e a m  f o r  the " shor t  angles" by 
using experimental  d a t a  reported by Sch l i ch t ing  [ l] .  This method was 
d i sca rded ,  however, i n  favor  of using r o l l  pins  as the roughener 
elements which allowed the he igh t  i n t o  the a i r s t r e a m  t o  be v a r i e d  a t  
w i l l ,  even though no experimental  d a t a  were a v a i l a b l e  f o r  t h i s  type of 
roughener e 
Because t h i s  method was l a t e r  used i n  a panel  f l u t t e r  t e s t ,  i t  
w a s  necessary t o  e s t a b l i s h  t h e  v a l i d i t y  of t h i s  type of boundary l a y e r  
c o n t r o l  
II. EMPTRICAL METHOD 
Reference 1 con ta ins  r e s u l t s  of experiments conducted by 
J .  Nikuradse [ 2 , 3 , 4 ]  on both f l a t  p l a t e s  and roughened pipes .  The 
r e s u l t s  of h i s  s t u d i e s  showed t h a t  the v e l o c i t y  p r o f i l e s  were similar 
i f  nondimensional v e l o c i t i e s  were p l o t t e d  a g a i n s t  y/6", where 6" is  
the displacement th i ckness .  The s k i n  f r i c t i o n  c o e f f i c i e n t s  and the 
momentum thicknesses  were c a l c u l a t e d  based on these  measured p r o f i l e s  
and the fol lowing equat ions were obtained:" 
(This a n a l y s i s  i s  p r i m a r i l y  based upon r e fe rence  1 and l i b e r a l  use is  
made of t h i s  r e fe rence  he re . )  Also ,  from the momentum equat ion wi th  
zero p re s su re  g r a d i e n t ,  we o b t a i n  
where 
u i s  the v e l o c i t y  i n  the i a y e r  a t  p o i n t  y ,  
U, i s  the boundary l a y e r  edge v e l o c i t y ,  
-7. 
"See foo tno te  on page 1. 
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6' i s  the  displacement  th ickness  , 
e is  the  momentum th i ckness ,  
CF is  the  t o t a l  s k i n  f r i c t i o n  c o e f f i c i e n t ,  
Q i s  the  l e n g t h  of t he  p l a t e .  
Combining equat ions  (l),  ( 2 ) ,  and ( 3 )  and using t h e  r e l a t i o n s h i p  
t h a t  y equals  6 and u/U, equals  1 a t . t h e  edge of the boundary l a y e r ,  
t he  fol lowing r e l a t i o n  is  obtained:  
( 4 )  s ( Q )  = 6.619 CFR,  
where 6 is  t h e  boundary l aye r  th ickness .  
F igure  2 1 . 1 1  of  r e fe rence  1 shows the  s k i n  f r i c t i o n  c o e f f i c i e n t  as 
a func t ion  of the  r a t i o  of p l a t e  l e n g t h  t o  sand g r a i n  s i z e  and the  p l a t e  
Reynolds number. For the completely rough f low regime, the  s k i n  f r i c -  
t i o n  i s  given by 
CF = (1.89 + 1.60 logl,(,g/ks))-2*" (5 1 
f o r  10' I R/ks 5 lo6.  I n  equat ion  (5) the  s k i n  f r i c t i o n  c o e f f i c i e n t  is  
a func t ion  only  of p l a t e  l e n g t h  and sand g r a i n  s i z e ;  whereas,  f o r  t h e  
smooth p l a t e ,  t h e  s k i n  f r i c t i o n  c o e f f i c i e n t  is  a func t ion  of t he  Reynolds 
number e 
Sch l i ch t ing  [ l]  determined exper imenta l ly  t h e  boundary l a y e r  depths  
on p l a t e s  using sphe res ,  hemispheres,  cones,  and " shor t  angles ' '  as the  
roughening devices .  From these  experiments ,  he determined the  equ iva len t  
sand g r a i n  s i z e  (ks) .  Figure 2 0 . 2 4  of r e f e r e n c e  1 summarizes the  r e s u l t s  
of h i s  experiment.  
By using t h e  equ iva len t  sand g r a i n  s i z e  of a g iven  d i s t r i b u t i o n  of 
roughness e lements ,  i t  i s  poss ib l e  t o  p r e d i c t  t h e  boundary l a y e r  t h i ck -  
ness  as fol lows:  
(1) Obtain ks  from Figure 2 0 . 2 4  (Ref. 1 ) .  
( 2 )  Use t h i s  ks  i n  equat ion  (5). 
( 3 )  Use t h e  r e s u l t i n g  CF i n  equat ion  ( 4 )  t o  ob ta in  s ( Q ) .  
3 
This procedure y i e l d s  the  boundary l a y e r  depth as a func t ion  of l e n g t h  
over t he  roughened p o r t i o n  of t he  p l a t e  only. 
Since only a s h o r t  s e c t i o n  of the p l a t e  is  t o  be roughened, the 
combined e f f e c t s  of boundary l a y e r  growth over bo th  smooth and roughened 
p o r t i o n s  of t he  p l a t e  must be considered.  This can be done by p l o t t i n g  
s(R), obtained i n  s t e p  3 above, ve r sus  d i s t a n c e  along the roughened 
p l a t e .  The boundary l a y e r  t h i ckness  thus obtained f o r  a s p e c i f i c  
l e n g t h  of roughened p l a t e  may be used t o  o b t a i n  an equ iva len t  l e n g t h  
of smooth p l a t e  from a p l o t  of the boundary l a y e r  thickness  ve r sus  
d i s t a n c e  along a smooth p l a t e ,  
Thus, a new l e n g t h  can be def ined as 
Ra 4, - RR, 
where RR is  the l eng th  of t he  roughened s e c t i o n ,  and RE is  t h e  equiva- 
l e n t  smooth p l a t e  l eng th .  The boundary l a y e r  t h i ckness  a t  t he  end of a 
p l a t e ,  of l e n g t h  4 ,  having a roughened s e c t i o n  of l e n g t h  jR, may then 
be c a l c u l a t e d  as the th i ckness  a t  t he  end of a smooth p l a t e  of l eng th  
R + Ra. 
Using t h i s  method and a roughener d i s t r i b u t i o n ,  given i n  Figure 
20.24 of r e fe rence  1, y i e l d i n g  an equ iva len t  sand g r a i n  s i z e  (ks)  of 
0.567 inches f o r  " shor t  angles ,"  a 42 pe rcen t  i nc rease  i n  the boundary 
l a y e r  thickness  was p red ic t ed  f o r  a roughened s e c t i o n  e i g h t  inches long. 
An equ iva len t  sand g r a i n  s i z e  w a s  not  a v a i l a b l e  f o r  t he  r o l l  p i n s ,  
however. Thus, the same d i s t r i b u t i o n  of roughness elements was used 
f o r  t he  r o l l  pins  as would have been used f o r  the " shor t  angles." 
111. TEST MODEL 
The model used f o r  t h i s  experiment w a s  an e x i s t i n g  s o l i d  s i d e  w a l l  
t h a t  had been p rev ious ly  f a b r i c a t e d  f o r  the t r a n s o n i c  t e s t  s e c t i o n  of the 
MSFC 14 x 14-inch t r i s o n i c  wind tunnel .  The f i r s t  7 .5  inches of t h i s  
p l a t e  were roughened by placing 0.315-inch-diameter r o l l  pins  through 
the p l a t e  i n  an arrangement as shown i n  Figures  1 and 2.  It w a s  pos- 
s i b l e  t o  va ry  the  he igh t  of the p i n  p r o t r u s i o n  i n t o  the a i r s t r e a m  from 
a smooth p l a t e  case t o  a t  l e a s t  0.5 inches.  
The r o l l  pins  used i n  t h i s  t e s t  were commercially a v a i l a b l e  0.315- 
inch-diameter hollow s t e e l  tubes one inch long and s p l i t  down one s i d e .  
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The purpose of t he  s p l i t  s i d e  is  t o  provide a sp r ing - t ens ion ,  f r i c t i o n  
f i t  when placed through a hole  0.315 inch i n  diameter .  Thus, i t  w a s  
no t  necessary t o  weld or  s o l d e r  the pins  i n  p l ace ,  and i t  was a simple 
ma t t e r  t o  a d j u s t  t h e i r  he igh t  of p ro t rus ion .  
IV. INSTRUMENTATION 
The da ta  c o l l e c t e d  during t h i s  t e s t  included s i x  s t a t i c  w a l l  p re s -  
s u r e  measurements, and twelve t o t a l  p re s su re  measurements on a boundary 
l a y e r  rake.  The l o c a t i o n s  of the s t a t i c  p re s su re  p o r t s  and the l o c a t i o n s  
of t he  probe t i p s  of the boundary l a y e r  rake f o r  the t h r e e  r ake  p o s i t i o n s  
used a r e  ind ica t ed  i n  Figure 2. The boundary l a y e r  rake probe h e i g h t  
d i s t r i b u t i o n  i s  shown i n  Table 1. 
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These p res su res  were measured wi th  the wind tunnel  scani-valve 
system which employed 12.5 PSID transducers  c a l i b r a t e d  a t  f i v e  counts 
per m i l l i m e t e r  of mercury. 
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0. TEST PROCEDURE 
Three model conf igu ra t ions  t e s t e d  were designated as follows: 
Configurat ion (1): F l a t  p l a t e ,  r o l l  pins  down l e v e l  w i th  
the  p l a t e  and the holes  f i l l e d  wi th  
wax. 
Configurat ion (2) : Roll  p ins  protruding 0.118 inch  above 
the p l a t e  &nd i n t o  the  a i r s t r eam.  
Configurat ion ( 3 ) :  Rol l  p ins  protruding 0.250 inch above 
the p l a t e  and i n t o  the  a i r s t r eam.  
Each conf igu ra t ion  w a s  t e s t e d  a t  t h r e e  d i f f e r e n t  Mach numbers 
(M, = 1 .2 ,  1 . 3 ,  and 1.46) wi th  t h r e e  d i f f e r e n t  boundary l a y e r  r ake  
p o s i t i o n s  f o r  each Mach number. A l s o ,  the  e f f e c t s  of Reynolds number 
were i n v e s t i g a t e d  during the e a r l y  p a r t  of t h e  t e s t  by running each 
Mach number a t  two d i f f e r e n t  t o t a l  p re s su res .  These corresponded t o  
R j  = 7 x l o 6  per f o o t  f o r  a t o t a l  p re s su re  of 7 p s ig  and R 
per f o o t  f o r  a t o t a l  p re s su re  of 15 ps ig .  
= 9 x l o 6  
R -  
The fol lowing wind tunnel  parameters were a l s o  recorded f o r  each 
run: 
(1) To ta l  p re s su re ,  
(2) Mach number, 
( 3 )  Tes t  s e c t i o n  s t a t i c  p re s su re ,  
( 4 )  Stagna t ion  temperature.  
V I .  DATA REDUCTION 
The r a w  d a t a  from t h i s  t e s t  were punched ou t  on computer ca rds  by 
means of an  ffon-l ine"  system, and were then used w i t h  a computer program 
t h a t  converted from counts per m i l l i m e t e r  of mercury gauge p res su re  t o  
abso lu t e  p re s su re  i n  pounds per square inch. The following equat ions 
were a l s o  included i n  the  program: 
6 
5/2 
' 5  (Rayleigh P i t o t  Formula) 
Pn L S% > 1 only) 
@$, < 1) (no shock) 
(7)  
where PT 
the s t a t i c  p re s su re  as ind ica t ed ,  and ML is  the Mach number d i r e c t l y  
ahead of the p re s su re  tube b u t  a l s o  ahead of t h e  bow shock which tnay 
o r  may no t  e x i s t  ahead of t h e  p re s su re  tube.  
v e l o c i t i e s  ahead of t he  p re s su re  tube and the v e l o c i t y  of t h e  f r e e  
s t ream, r e s p e c t i v e l y .  
and P T ~  a r e  the t o t a l  p re s su res  ind ica t ed  i n  Figure 3,  Pn i s  
2- 
UL and Urn a r e  the  l o c a l  
These equat ions were used as follows: 
Step (1): If Pn/PT, f 0.5283 ML > 1, use equat ion (7) and 
so lve  f o r  ML f o r  each probe, and use equat ion ( 6 )  
and so lve  f o r  PT 
1' 
I f  Pn/PT, > 0.5283 ~ M L  < 1, use equat ion (8) and 
so lve  f o r  ML f o r  each probe (note t h a t  i n  t h i s  case 
pT, = pT2- 
Step (2) :  
- 
Step ( 3 ) :  Compute (ML/M,) f o r  each probe, and use equatYon (9)  
t o  so lve  f o r  the v e l o c i t y  r a t i o  (uL/U,) f o r  each 
probe. 
V I I .  TEST RESULTS 
Ve loc i ty  r a t i o  p r o f i l e s  showing the e f f e c t  of two d i f f e r e n t  
Reynolds numbers a r e  presented i n  Figures 4a through 4 i .  The Mach 
number and boundary l a y e r  r ake  p o s i t i o n s  a r e  shown on each f i g u r e .  
The two Reynolds numbers (7 x 10" and 9 x 10" per f o o t )  were achieved 
by running two d i f f e r e n t  t o t a l  p re s su res  (7 p s i g  and 15 p s i g ,  respec-  
t i v e l y )  f o r  each Mach number. This comparison w a s  made f o r  configura-  
t i o n  2 only ( r o l l  p ins  protruding 0.118 inch ) .  These f i g u r e s  show t h a t  
the e f f e c t  of changing Reynolds number w a s  i n s i g n i f i c a n t .  
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The e f f e c t s  of two d i f f e r e n t  p i n  he igh t s  as compared wi th  smooth 
p l a t e  flow a r e  shown i n  Figures  5a through 5 i .  
l a y e r  r ake  p o s i t i o n ,  and the  p i n  h e i g h t ,  along wi th  the approximate 
boundary l a y e r  t h i ckness  and the  percentage of i n c r e a s e  i n  the  boundary 
l a y e r  thickness  over t he  f l a t  p l a t e  v a l u e ,  a r e  ind ica t ed  on each f i g u r e .  
The boundary l a y e r  thickness  w a s  taken t o  be the  d i s t a n c e  from t h e  p l a t e  
where the  v e l o c i t y  r a t i o  achieved 98 pe rcen t  of i t s  f r e e  s t ream va lue .  
A d e f i n i t e  i nc rease  i n  the  boundary l a y e r  t h i ckness  i s  apparent ;  how- 
eve r ,  t he  boundary l a y e r  p r o f i l e  tends t o  " f l a t t e n . "  This f l a t t e n i n g  
may be regarded as a depa r tu re  from t h e  type of p r o f i l e  expected f o r  a 
smooth p l a t e .  For conf igu ra t ion  2 ( p i n  h e i g h t  = 0.118 i n c h ) ,  t h i s  
s i t u a t i o n  improves as the  Mach number and the d i s t a n c e  from t h e  roughen- 
ing elements a r e  inc reased .  For conf igu ra t ion  3 ( p i n  he igh t  = 0.25 inch ) ,  
however, t he  v e l o c i t y  p r o f i l e  shows d e f i n i t e  d i s t o r t i o n  even a t  the a f t  
boundary l a y e r  rake p o s i t i o n  and a t  t he  h i g h e s t  Mach number t e s t e d .  
The Mach number,boundary 
P res su re  c o e f f i c i e n t  v a r i a t i o n s  over t he  l e n g t h  of the p l a t e  a r e  
shown i n  Figures  6a through 6c. Here the p re s su re  c o e f f i c i e n t  i s  
def ined as 
where 
= tunnel  s t a t i c  p re s su re ,  P w 
p, = measured s t a t i c  p re s su re  a t  d i f f e r e n t  p o i n t s  on t h e  
p l a t e ,  
qw = f r e e  s t r eam dynamic p res su re .  
A l l  t e s t  cond i t ions  a r e  ind ica t ed  on each f i g u r e .  The p res su re  coef- 
f i c i e n t  i s  p l o t t e d  ve r sus  the normalized d i s t a n c e  along the p l a t e  (X/L, 
where L i s  the l e n g t h  of the p l a t e :  40 inches) .  The main p o i n t  of 
i n t e r e s t  he re  i s  the  amount of d e v i a t i o n  from a p res su re  c o e f f i c i e n t  of 
ze ro  which would correspond t o  undisturbed flow. Since i t  is g e n e r a l l y  
accepted t h a t  d e v i a t i o n s  of t he  p r e s s u r e  c o e f f i c i e n t  between t h e  va lues  
of -0.1 I Cp 5 + 0.1 a r e  i n s i g n i f i c a n t ,  the flow may be regarded as 
undis turbed.  The va lue  of t he  p re s su re  c o e f f i c i e n t  was we l l  w i t h i n  
these  l i m i t s  f o r  a l l  cases  t e s t e d .  A r a t h e r  cur ious r e s u l t  he re  is  an 
improvement i n  the  flow i n  some cases ,  when the  rougheners a r e  used. 
This would seem t o  i n d i c a t e  a s l i g h t  amount of rough flow from t h e  
wind tunnel  i t s e l f  e 
The growth of t h e  boundary l a y e r  along the  p l a t e  f o r  a l l  cond i t ions  
t e s t e d  is  shown i n  Figure 7.  There i s  a tendency (except f o r  two cases ,  
M = 1 . 3  w i t h  pins  up 0.118 inch  and M = 1.46 w i t h  p ins  up 0.250 inch)  
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i n  t he  s lope  o r  r a t e  of boundary l a y e r  growth t o  decrease between t h e  
second and t h i r d  rake p o s i t i o n s .  I n  Figure 8 these  growth r a t e s  a r e  
compared t o  t h e  t h e o r e t i c a l  growth of a t u r b u l e n t  boundary l a y e r  over 
a smooth p l a t e .  Since i t  was expected t h a t  the growth r a t e  of the 
boundary l a y e r  would r e t u r n  t o  t h a t  over a smooth p l a t e ,  w i t h  a s h i f t  
i n  d i s t a n c e  along t h e  p l a t e ,  of course,  t h e  va lue  of t he  boundary l a y e r  
thickness  a t  t he  second rake p o s i t i o n  was placed on the t h e o r e t i c a l  
curve of Figure 8. This makes i t  poss ib l e  t o  compare the  s lope  of t he  
boundary l a y e r  growth, both i n  f r o n t  of and behind the  second r ake  pos i -  
t i o n ,  w i t h  the s lope  of the t h e o r e t i c a l  curve. Exce l l en t  agreement 
between the  t h e o r e t i c a l  and experimental  va lues  can be seen from t h i s  
f i g u r e .  The smooth p l a t e  va lues  f a l l  r i g h t  along the t h e o r e t i c a l  curve 
as they should,  and the  s lope  between t h e  second and t h i r d  r ake  pos i -  
t i o n s  i s  almost i d e n t i c a l  t o  t h a t  of the t h e o r e t i c a l  boundary l a y e r  
growth when the  rougheners were used, w i th  the p rev ious ly  mentioned 
except ions.  
V I I I .  CONCLUSIONS AND RECOMMENDATIONS 
The following conclusions can be made from the foregoing r e s u l t s  
of t h i s  t e s t :  
(1) Reynolds number e f f e c t s  show no s i g n i f i c a n t  changes i n  
e i t h e r  the boundary l a y e r  thickness  o r  v e l o c i t y  p r o f i l e  shape over the 
roughened p l a t e .  This i s  i n  agreement w i t h  r e fe rence  1 f o r  t he  com- 
p l e t e l y  rough flow regime. 
(2) This method of boundary l a y e r  c o n t r o l  can y i e l d  a 
tremendous inc rease  i n  the thickness  of the l a y e r  (over LOO p e r c e n t ) .  
However, i t  should be remembered t h a t  the h ighe r  t he  rougheners pro- 
t rude  i n t o  the  a i r s t r e a m ,  the  more the v e l o c i t y  p r o f i l e  i s  " f l a t t e n e d "  
o r  d e v i a t e s  from a smooth p l a t e  type p r o f i l e .  
(3)  No s i g n i f i c a n t  flow d i s tu rbance  is  ind ica t ed  from the 
p re s su re  c o e f f i c i e n t  da ta ;  i n  f a c t ,  e x c e l l e n t  flow i s  ind ica t ed  f o r  
a l l  conf igu ra t ions .  
( 4 )  A t  a f i n i t e  d i s t a n c e  behind t h e  rougheners, t he  r a t e  of 
growth of the boundary l a y e r  r e t u r n s  t o  t h a t  of a t u r b u l e n t  boundary 
l a y e r  over a smooth p l a t e .  
This method g i v e s  every i n d i c a t i o n  of being an e x c e l l e n t  means of 
boundary l a y e r  c o n t r o l .  It is  simple t o  use and y i e l d s  p r e d i c t a b l e  
r e s u l t s  as long as the roughener d i s t r i b u t i o n ,  t h e  h e i g h t ,  and the 
d i s t a n c e  behind the rougheners a r e  j u d i c i o u s l y  chosen. 
9 
For t h i s  p a r t i c u l a r  type,  s i z e ,  and d i s t r i b u t i o n  of rougheners,  i t  
i s  recommended t h a t  the h e i g h t  of roughener p r o t r u s i o n  i n t o  the a i r -  
s t ream n o t  exceed 0.118 inch,  because excessive d i s t o r t i o n  of the veloc-  
i t y  p r o f i l e  may r e s u l t .  It is  f u r t h e r  recommended t h a t  a t  l e a s t  19 
inches of smooth p l a t e  be allowed behind the rougheners f o r  the boundary 
l a y e r  t o  r e t u r n  t o  i t s  smooth-plate c h a r a c t e r i s t i c s .  
10 
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